T ).
The class Ktedonobacteria was first proposed by Cavaletti et al. (2006) and later placed in the phylum Chloroflexi (Yabe et al., 2011) . The class currently consists of only five species: Ktedonobacter racemifer (Cavaletti et al., 2006) and Thermosporothrix hazakensis (Yabe et al., 2010a) belonging to the order Ktedonobacterales, and Thermogemmatispora onikobensis (Yabe et al., 2011) , Thermogemmatispora foliorum (Yabe et al., 2011) and Thermogemmatispora carboxidivorans (King & King, 2014) belonging to the order Thermogemmatisporales. Although K. racemifer SOSP1-21 T is a mesophilic heterotroph that was isolated from a soil sample from a black locust wood in Italy (Cavaletti et al., 2006; Chang et al., 2011) , the other species belonging to the class are thermophilic heterotrophs that were isolated from compost or geothermal areas. They are all Grampositive and aerobic, and form branched aerial mycelia with spores like those of aerial-mycelia-forming Actinomycetes. Sporulation is by exospores formed by budding (Yabe et al., 2010b (Yabe et al., , 2011 King & King, 2014) . Their major menaquinone is MK-9 (H 2 ), and their cell walls contain at least ornithine, alanine, glutamic acid, serine and glycine. The G+C content of their genomic DNA ranges from 53.9 to 60.2 mol%.
We isolated several Ktedonobacteria-like strains from fallen leaves on geothermal soil. To determine the taxonomic and phylogenetic position of the strains, we examined their Abbreviation: SEM, scanning electron microscopy.
The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of strain F4
T is AB900623. morphological, physiological, and biochemical characteristics, and analysed their chemotaxonomic markers and 16S rRNA gene sequences. The results indicated that the strains should be assigned to a novel species of the genus Thermosporothrix.
Jigokudani is a geothermal area near the locality of Onikobe in the Naruko hot springs region of Miyagi Prefecture, Japan. We sampled fallen leaves deposited on steaming soil (60-90 C at 10-15 cm) in Jigokudani (38 48¢ 18.28 † N, 140 40¢ 24.23 † E) on 28 June 2013. The sample was collected in a plastic bag (Ziploc), transported to the laboratory and stored at -80 C in a deep freezer.
We used FS1V medium (Stott et al., 2008) in the isolation plates. The pH of the medium was adjusted to 7.0 with NaOH at room temperature. Approximately 30 mg of chopped fallen leaves was spread on each plate, and the plates were incubated at 50 C for 2 weeks. Six colonies that had the morphological features of Ktedonobacteria, which formed clusters of spores like grapes with branched aerial mycelia, were identified from among the many aerial-mycelia-forming colonies on the plates by examination under a digital microscope (KH-8700; HiRox). The six colonies were picked and serially diluted in saline solution, and the dilutions were plated on isolation plates. Each single colony was purified by plating three times. The colonies were restreaked, and stock cultures were prepared by inoculating agar slants from the second plate. Although the six isolates (strain F4 T , GenBank accession no. AB900623; strain I1, AB900627; strain MYC, AB900626; strain FA, AB900622; strain FB, 900621; strain F7, AB900625) shared 99.8 % 16S rRNA gene sequence similarity and the phenotypic properties of these strains were the same, only one strain F4
T had the ability to hydrolyse starch (Table S1 , available in the online Supplementary Material). As this characteristic of strain F4
T was different from that of Thermosporothrix hazakensis SK20-1 T , strain F4
T was selected for full characterization.
The morphology of cells grown on International Streptomyces Project (ISP) 3 agar (Shirling & Gottlieb, 1966) was examined under a scanning electron microscope (SU8000; Hitachi). Suitable agar blocks including colonies of the strain grown at 50 C for 3 days on the medium were used for scanning electron microscopy (SEM). Details of the SEM methods were as previously described (Yabe et al., 2010a) . SEM observation showed that the strain formed vegetative and aerial mycelia on ISP3. The spores of the strain were oval in shape, and had a rough surface (Fig. 1) . Spores of the strain were formed by budding on aerial mycelia ( Fig. 1b; indicated by arrows), and mature spores of the strain were 1.0-2.0 µm long and 0.5-1.5 µm wide (Fig. 1c) . These morphological features were similar to those of other Ktedonobacteria strains (Yabe et al., 2010a, b) .
To determine the effect of pH, temperature and NaCl on growth, strain F4
T and Thermosporothrix hazakensis SK20-1 T were cultivated in ISP1 media for 7 days. Temperature, pH and NaCl concentration tests were performed at 28-65 C (pH 7.0), at pH 3.9-10.8 (50 C) and with 0-4 % (w/ v) NaCl (50 C, pH 7.0). The pH was adjusted to various values with HCl and NaOH at room temperature. Assimilation of various sole carbon sources (L-arabinose, D-xylose, Dglucose, D-fructose, sucrose, L-rhamnose, raffinose, inositol, D-mannitol and gellan gum) at a concentration of 0.5 % (w/ v) was assessed using Pridham-Gottlieb agar (Shirling & Gottlieb, 1966) . Liquefaction of gelatine and hydrolysis of microcrystalline cellulose (Avicel), carboxymethylcellulose (CM-cellulose), xylan, chitin, starch and casein were evaluated on ISP1 agar supplemented with each substrate at a concentration of 0.5 % (w/v). The presence of a clear zone around the colony indicated that there was hydrolysis. Catalase activity was determined by bubble production in a 3 % hydrogen peroxide solution. Gram staining was performed with the modified Hucker method (Smibert & Krieg, 1994) . The sensitivities of strain F4 T and Thermosporothrix hazakensis SK20-1 T to different antibiotics were checked by using paper discs (Advantec).
Strain F4
T was Gram-stain-positive and had positive catalase activity. The strain grew at temperatures between 30 and 60 C, with an optimum growth temperature of 50 C, whereas no growth was observed below 28 C or above 65 C. The strain was able to grow within a pH range of 4.9-9.5; the pH for optimum growth was 7.0, and no growth was observed below pH 4.4 or above pH 10.0. The strain did not require NaCl for growth. Strain F4
T grew under 2 % (w/v) NaCl. Strain F4
T utilized L-arabinose, Dxylose, D-glucose, L-rhamnose, raffinose and inositol as sole carbon sources, and hydrolysed gelatine, Avicel, CM-cellulose, xylan, starch and chitin, but not casein. Strain F4
T was able to grow on ISP1 plates containing bacitracin (10 µg), chloramphenicol (10 µg), kanamycin (100 µg) and nalidixic acid (100 µg), whereas it was sensitive to ampicillin (10 µg), streptomycin (10 µg), tetracycline (10 µg), and vancomycin (10 µg). Results of the phenotypic examination of strain F4
T are given below in the species description and compared with those of Thermosporothrix hazakensis SK20-1 T in Table 1 .
Cellular fatty acids of strain F4 T and Thermosporothrix hazakensis SK20-1 T were prepared from cell masses grown on ISP1 medium for 3 days at 50 C. Cellular fatty acids were methylated and analysed by using a GC/MS instrument (5975C; Agilent) equipped with a 60 m Â 0.25 mm Â 0.15 mm capillary column (DB-23; Agilent). Fatty acid methyl ester peaks were identified by comparing retention times against standard compounds (BAME Mix; Supelco), the MIDI profile [whole cell fatty acid obtained using the using the MIDI system (Microbial Identification System)] of Thermosporothrix hazakensis SK20-1 T (Yabe et al., 2010a ) and the mass profiles from GC/MS. Cell walls of strain F4 T and Thermosporothrix hazakensis SK20-1 T were prepared by using the methods described by Schleifer & Kandler (1972) ; the amino acids in the cell-wall hydrolysate were identified by TLC (Harper & Davis, 1979) and their phenylthiocarbamoyl derivatives were identified by HPLC (LC-10AD; Shimadzu), the device equipped with a Wakopak WS-PTC column (Wako Pure Chemical Industries), as described by Yokota et al. (1993) . Cell-wall sugars were determined as alditol acetate derivatives using an Agilent 5975C GC/MS instrument equipped with a DB-23 (60 m Â 0.25 mm Â 0.15 mm) capillary column. GC was programmed with a 4 min solvent delay and a flow rate of 1.5 ml min , with initial hold at 160 C for 2 min, 20 C min -1 ramp to 200 C and hold for 5 min, and 20 C min -1 ramp to 245 C and hold for 12 min. Peaks were identified from mass profiles and retention times of standards.
Phospholipids of strain F4
T and Thermosporothrix hazakensis SK20-1 T were extracted and identified by using two-dimensional TLC, followed by spraying with appropriate detection reagents according to the methods of Tindall (1990a, b) . Genomic DNA of strain F4 T was prepared by using a method modified from that of Marmur (1961) , in which achromopeptidase and lysozyme (final concentration 0.5 and 0.75 mg ml
À1
, respectively) were used for cell lysis. RNA was digested with a mixed solution of RNase A and RNase T 1 (50 µl ml À1 ) (Wako Pure Chemical Industries). The G+C content of the genomic DNA of strain F4
T was determined by HPLC (Tamaoka & Komagata, 1984) using a COSMSIL 5C 18 -AR-II packed column (4.6 mm Â 250 mm) (Nacalai Tesque) with a DNA-GC kit (Yamasa Shouyu). DNA-DNA hybridization experiments between strain F4 T and Thermosporothrix hazakensis SK20-1 T were performed fluorometrically, using photobiotin-labelled DNA probes and microdilution wells as described by Ezaki et al. (1989) . Hybridization temperature was 46.0 C.
The G+C content of strain F4 T was 52.5 mol %, as determined by HPLC analysis. The predominant menaquinone of both strains was MK-9 (H 2 ). The major fatty acid of both strains was iso-C 17:0 (strain F4 T , 64.6 % of the total; Thermosporothrix hazakensis SK20-1 T , 68.4 %). 12,17-Dimethyloctadecanoic acid (equivalent chain length value of 19.031; molecular ion peak at m/z 326; fragment ion peaks at m/z 283, 199, 143, 87 and 74) was detected in both strains (strain F4 T , 5.7 %; Thermosporothrix hazakensis SK20-1 T , 3.1 %). 12,17-Dimethyloctadecanoic acid was identified by Vyssotski et al. (2012) as a novel and major fatty acid of Thermogemmatispora micro-organisms belonging to the class Ktedonobacteria. The cellular fatty acid compositions are shown in Table 2 . The polar lipids of both strains consisted of phosphatidylglycerol, diphosphatidylglycerol, phosphatidylinositol, one unknown phospholipid, three unknown glycolipids, and two unknown lipids (Fig. S1 ). The peptidoglycans of both strains contained glutamic acid, serine, glycine, alanine and ornithine in a molar ratio of 1.0:1.5:1.4:1.8:0.7 in strain F4
T and 1.0:0.9:1.4:1.7:1.2 in Thermosporothrix hazakensis SK20-1
T . An unknown amino acid was clearly detected in the two-dimensional thin-layer chromatogram of both strains (Fig. S2) , but it could not be identified. The major cell-wall sugar of both strains was mannose.
The nearly complete 16S rRNA gene of these strains was amplified by PCR, and the purified PCR products were sequenced as described by Yabe et al. (2010a) .
The 16S rRNA gene sequence of strain F4
T was compared with sequences obtained from GenBank. Multiple alignments of the sequences were performed with CLUSTAL W version 1.83 (Thompson et al., 1994) , and gaps and unidentified base positions were edited by using BioEdit (Hall, 1999) . Phylogenetic trees were reconstructed with the maximum-likelihood method (Tamura & Nei, 1993) and the neighbour-joining method (Saitou & Nei, 1987) using MEGA version 5.2.2 (Tamura et al., 2011) , with bootstrap values based on 100 and 1000 replications, respectively (Felsenstein, 1985) . Evolutionary distances were computed by using the Kimura twoparameter method (Kimura, 1980) . The results of 16S rRNA gene sequencing showed strain F4 T to be similar to Thermosporothrix hazakensis SK20-1 T with 98.5 % similarity. The node of the genus Thermosporothrix had 100 % support according to the maximum-likelihood and neighbour-joining tree-making algorithms (Fig. 2) , suggesting that strain F4 T belonged to the genus Thermosporothrix. However, the cluster including strain F4
T was clearly distinct from the clade of Thermosporothrix hazakensis SK20-1 T . Therefore, the strains should be divided at the species level. Moreover, DNA-DNA hybridization showed relatedness values of less than 15 % with Thermosporothrix hazakensis SK20-1 T . This result strongly suggests that strain F4 T should be classified within a distinct species (Wayne et al., 1987) .
There were some phenotypic differences between strain F4 T and Thermosporothrix hazakensis SK20-1 T (Table 1) . Strain F4 T grew at 60 C, whereas the latter grew only up to 58 C. Thermosporothrix hazakensis SK20-1 T was not able to hydrolyse starch, in contrast to strain F4 T . Strain F4 T was able to liquefy gelatine, whereas Thermosporothrix hazakensis SK20-1 T was not. Strain F4 T was susceptible to ampicillin (10 µg), streptomycin (10 µg) and tetracycline (10 µg), whereas Thermosporothrix hazakensis SK20-1 T was resistant to all three.
On the basis of phylogenetic evidence and phenotypic distinctiveness, we propose that strain F4 T should be classified in the genus Thermosporothrix as representing a novel species, for which the name Thermosporothrix narukonensis sp. nov. is proposed.
Emended description of the genus Thermosporothrix
The genus Thermosporothrix has been previously described by us (Yabe et al., 2010a) . According to that description, the genus contains rhamnose and mannose as cell-wall sugars based on Thermosporothrix hazakensis SK20-1 T ; however, we did not detect rhamnose in Thermosporothrix hazakensis SK20-1 T or F4
T in this study. Furthermore, the description does not include glycine among the peptidoglycan amino acids in Thermosporothrix hazakensis SK20-1 T ; however, we detected glycine in both strains in this study. The detection of rhamnose and the lack of glycine in the cell wall of Thermosporothrix hazakensis SK20-1 T in the previous description might have been due to the mistaken identification of chromatogram peaks arising from impurities. Thus, the description of the genus Thermosporothrix is as given by Yabe et al. (2010a) but with the following emendations: the cell-wall sugar of the genus is mannose, and the peptidoglycan amino acids include glutamic acid, serine, glycine, alanine, and ornithine.
Description of Thermosporothrix narukonensis sp. nov.
Thermosporothrix narukonensis (na.ru.ko.nen'sis. N.L. fem. adj. narukonensis pertaining to Naruko Hotspring, Miyagi Prefecture, Japan, from where the type strain was isolated). T (KC526151), Thermomicrobium roseum P-2 T (M34115), Chloroflexus aggregans DSM 9485 T (CP001337) and Anaerolinea thermolimosa IMO-1 T (AB109437). Numbers at nodes are bootstrap percentages based on 1000 replicated data sets; only values greater than 70 % are shown. Bar, 5 % sequence dissimilarity. DDBJ/EMBL/GenBank accession numbers for reference strains are shown in parentheses. Filled circles indicate nodes of the tree that were recovered by using the neighbour-joining (Saitou & Nei, 1987) and the maximum-likelihood (Felsenstein, 1981) tree-making algorithms.
Gram-stain positive, aerobic, heterotrophic bacterium that produces branched vegetative and aerial mycelia. Spores are formed in a cluster. The spores are oval in shape with a rough surface and are 1.0-2.0 µm long and 0.5-1.5 µm wide. Spores are not motile. Growth occurs at 30-60 C (optimum 50 C) and pH 4.9-9.5 (optimum pH 7.0). Does not require NaCl for growth. Avicel, CM-cellulose, xylan, chitin, starch, and gelatine are hydrolysed. Catalase activity is positive. L-Arabinose, D-xylose, D-glucose, L-rhamnose, raffinose and inositol can be utilized as sole carbon sources.
The type strain is F4 T (=NBRC 111777 T =BCCM/LMG 29329 T ). The G+C content of the genomic DNA of the type strain is 52.5 mol %.
